Two CAM species, Kalanchoe daigremontiana Hamet et Perrier and Hoya carnosa (L.) R. Br., were grown under a range of five photon flux area densitites (PFD) and then characterized. Significant acclimation to shade was indicated by progressive decreases in leaf thickness, rates of respiratory 02 uptake, light compensation point, maximum rates of photosynthetic 02 evolution, nocturnal acid accumulation, and 653C values, and increases in chlorophyll concentration and absolute levels of room temperature (25°C) and 77K fluorescence. Quantum yields (as measured by 02 exchange) and the ratio of variable 77K fluorescence over the maximum yield (F,/F,) 
There have been numerous studies of the responses of C3 species to sun and shade (4) , yet little characterization of CAM plants grown under different PFD.3 Many horticultural CAM plants are grown indoors in dim light, and many other CAM plants grow naturally in deep shade as rainforest epiphytes (3, 13, 16, 25) , but little is known of the effects of shade on CAM. Our lack of understanding of these responses is due, in large part, to the complicated gas exchange characteristics exhibited by plants possessing CAM (19) . Since CO2 uptake occurs primarily during the dark it is difficult, if not impossible, to generate typical light response curves for CAM plants using conventional methods of CO2 exchange analysis. Previous studies of the influences of light on CAM have relied on an integrated measure of nocturnal CO2 uptake or acid accumulation following exposure to a given PFD for a given daylength (10, 11, 14, 17, 18, 23) , and in 'Supported by National Science Foundation grant PCM-8314980. 2Current address and address for reprints: Department of Environmental Biology, Research School of Biological Sciences, Australian National University, P.O. Box 475, Canberra ACT 2601, Australia.
3Abbreviations: PFD, Photon flux area density; F., Fm, F,-instantaneous, maximum, and variable Chl fluorescence at 77K; P, T-initial peak and terminal steady state level of room temperature (25°C) Chl a fluorescence.
only one instance was any attempt made to actually grow the plants (for 3 weeks) at different PFD (14) . With the advent of the leaf disc 02 electrode (6) , however, it is now possible to measure the light response characteristics of photosynthesis in CAM plants directly and quickly (1, 24) .
There has likewise been little consideration of photoinhibition in CAM plants. Although it has been hypothesized that the biochemistry of CAM may provide some degree of protection against photoinhibition through the internal generation and recycling of CO2 (20) , CAM plants transferred from shade to full sunlight experienced photoinhibition (24) , as did Opuntia basilaris growing in full sunlight (2) .
The objectives of this study were therefore 2-fold. First, to ascertain the responses of two CAM species to growth under a range of PFD conditions through the characterization of a number of properties in these plants. Second, to determine the degree to which these plants are susceptible to photoinhibition by high light.
MATERIALS AND METHODS
Kalanchoe daigremontiana and Hoya carnosa were propagated from plantlets and cuttings, respectively, and grown as described in Adams et al. (1) . Growth under reduced PFD was achieved with layers of shade cloth which transmitted approximately 50, 30, 15, and 5% of the daily peak PFD in the glasshouse (approximately 2000 and 1500 umol quanta m-2 s-', on a clear day, in the summer and winter, respectively). All Kalanchoe' daigremontiana was characterized primarily in January, and H. carnosa in November. All plants were at least 4 months old, and the leaves had developed totally under the indicated light conditions. Only fully developed leaves (in the case of K. daigremontiana, only leaves of the 4th to 7th rank from the apex) were used in these experiments. In preliminary trials it was also found that the orientation of the leaves with respect to the light environment was very critical in obtaining consistent results, particularly in high PFD grown plants. Thus, only the south half of east-west pointing K. daigremontiana leaves grown under high PFD (the north half was exposed to more direct solar radiation due to their invaginated structure) were used in the experiments described here.
Light response curves of 02 exchange were determined as described by Adams et al. (1) using a leaf disc 02 electrode (6 (Tables I and II) . Chl concentrations were elevated with reduced PFD during growth (Tables I and II (Tables I and II) . This consistency in the value Fv/Fm was maintained across the range of growth PFD despite increases in the absolute levels of both instantaneous and maximum 77K fluorescence with decreased PFD during growth (Fig. 1) . The absolute levels ofroom temperature fluorescence, the initial peak (P) and terminal steady state level (T), were likewise elevated with decreased PFD during growth (Fig. 1) .
Quantum yields were near 0.10 mol 02 mol-' quanta except in K. daigremontiana at 85 and 95% shade and in H. carnosa grown under full glasshosue PFD (Tables I and II) . Other aspects of the light response curves of 02 exchange appeared to be dependent on the PFD during growth, with the following general trends being observed (Tables I and II) : higher rates ofrespiratory 02 uptake, higher light compensation points, and higher levels of photosynthetic capacity (higher rates of photosynthetic 02 evolution near light saturation) with increased PFD during growth. This was true in all cases except in H. carnosa grown at the highest PFD in which reduced maximum rates of photosynthesis concomitant with reduced quantum yields were observed. Thus, the light response curves ofH. carnosa grown at high PFD did not show the acclimation of photosynthesis found in K daigremontiana (Fig. 2 ).
An integrated measure of nightly CO2 uptake, nocturnal acid accumulation, exhibited characteristics similar to those of photosynthetic capacity, with higher levels of acid accumulation in plants grown under higher PFD (Tables I and II) . Once again, however, H. carnosa grown at the highest PFD deviated from this trend with a reduced level of nocturnal acid accumulation relative to that ofplants grown under lower PFD. The 3C values ofK daigremontiana leaves also varied with PFD during growth, becoming more negative with reduced PFD (Table I) .
Susceptibility to Photoinhibition in CAM Plants. The timecourse of the effects of the photoinhibitory treatment on K.
daigremontiana grown under different PFD were followed with 77K fluorescence (Fig. 3) . These data show that photoinhibition occurred more rapidly in plants grown in deep shade. The extent of photoinhibition after a standard 4 h exposure to bright light was indicated by changes in Fv/Fm (77K fluorescence) and P-T (an indicator of the variable component of room temperature fluorescence) (Fig. 4) . The changes in P-T were due solely to reductions in P, as the level of Twas uanffected by the treatment. There were likewise significant changes in the light response curves of K daigremontiana following photoinhibition, with increases in the light compensation point and decreases in the apparent quantum yield across the range of growth conditions (Fig. 5) . The maximum rates ofphotosynthesis were also reduced by more than 50% in the plants grown at 85 and 95% shade, and by approximately 25% in the plants grown at 50 and 70% shade (data not shown; see Table I for control values).
The changes in all of these parameters indicate that the extent of photoinhibition was progressively greater in plants grown (Fig. 4) and apparent quantum yield (Fig. 5 ) following photoinhibition were strikingly similar. A plot of one against the other (Fig. 6) species which grow in naturally shaded habitats (24) . They can also be related to earlier investigations of the effects of shortterm changes in light regime on some aspects of the expression of CAM. For example, Kaplan et al. (10) found that respiration of K daigremontiana responded to light intensity within 3 d, and our plants grown in deep shade had the lowest respiration rates (Tables I and II ). The extent of nocturnal acidification in CAM plants is dependent on the total PFD received by the tissues in the previous day (10, 11, 17, 18, 23) and in our experiments it similarly decreased with shading during growth ( Tables I and II) . However, reduced acidification in CAM plants grown under reduced PFD may also be due to changes in intrinsic factors as well, such as photosynthetic capacity (Tables I and II) . The low level of acidification exhibited by H. carnosa grown at the highest PFD seems to be related to photoinhibition as discussed below.
There are at least two possible causes for the decrease in the 6'3C value with decreased PH) during growth (Table I) . One is that a greater proportion of CO2 is fixed nocturnally via Penolpyruvate carboxylase in the higher PFD grown plants, and Table I. proportionately more CO2 is fixed in the light via ribulose-1,5-bisP carboxylase in the shade grown plants (21) . The differences in nocturnal acid accumulation (Table I) are indicative of this, but not definitive, as these may simply reflect the differences in available energy. The other possibility is that direct CO2 fixation by ribulose-l1,5-bisP carboxylase in the plants grown at higher PFD occurs at a lower intercellular CO2 partial pressure than in shade grown plants (9) . Analysis of diel gas exchange patterns of CAM plants grown and measured at high and low PFD should help to determine to what extent each may be responsible for the changes in 6"3C.
The two leaf succulent CAM plants studied here exhibit many of the same responses to PFD during growth found in other C3 and C4 plants. Thus,the respiratory rate and light compensation point were lower in plants grown in deep shade, the rate of lightand C02-saturated photosynthesis tended to increase with increased PFD during growth, and quantum yield was relatively unchanged (Tables I and II ). An increase in the absolute levels of room temperature fluorescence (P and T; Fig. 1 ) has also been found in other species grown at low relative to high PFD (12) , and in CAM plants under field conditions (24) . The (Tables  I and II) , despite large differences in F. and Fm (Fig. 1 ), is consistent with that observed in a number of other species (2, 5) . Chl content on fresh weight or area bases decreased with increased PFD during growth (Tables I and II) , as found in other CAM plants (2, 15 (Figs. 3-5 ). Similar responses of quantum yield and room temperature fluorescence were found when CAM plants from deeply shaded natural habitats were exposed to full sunlight (24) .
As our measurements of 77K fluorescence were made at 690 nm, they indicate damage to the primary photochemistry of PSII following photoinhibition (22) . The correlation between quantum yield and the fluorescence ratio Fv/Fm at 77K (Fig. 6) 
